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ABSTRACT

Observations were made on the responses of the thoracic spiracles
of Aedes aeypti and Aedes triseriatus to a constant carbon dioxide
pressure in serial concentrations of oxygen in nitrogen and to the
oxygen in nitrogen series alone. Lower than atmospheric pressures
of oxygen caused an increase in the frequency and duration of
spiracular opening. Higher than atmospheric pressures of oxygen
had no effect on frequency of spiracular opening, but reduced the
duration of opening. Carbon dioxide effected full spiracular
opening in proportion to the oxygen concentration. The duration
of spiracular opening, regardless of amplitude, was also propor-
taional to the ratio of carbon dioxide to oxygen. Responses of
Aedes spiracles to hypoxia and carbon dioxide decreased with
increasing duration of exposure.
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I. INTRODUCTION*

Hazelhoffl in 1926 first reported that spiracles of the cockroach
opened in response to carbon dioxide. Since then, many efforts have been
made to define the mechanism and find the site of action of this gas.2

8 1 1

Several investigators have noted that carbon dioxide - induced spiracular
opening was proportional to the oxygen tension,2 ,7-9*11 and in fact graded
spiracular opening was observed in locusts,s cockroaches1 and usca and
Callitroza adults3 as a result of varying ratios of carbon dioxide to
oxygen. In view of the dominant role these two gases play in control of
spiracular opening and closing, it was considered desirable to measure
their sensory effects in Aedes. Mosquitoes do not normally experienceI ambi0it concentrations of these gases as employed here. The assumption
was mide that the experimental gas regimes provided to the external environ-
menrt would elicit the same spiracular responses as similar intratracheal
gas tensions. Mosquitoes proved ideal subjects because their spiracles
were easy to observe, exhibited graded opening, and did not become involved
with possibly complicating ventilatory movements.

II. METHODS

The behavior of the thoracic spiracles was observed and recorded as
previously outlined.12  Gas mixtures were prepared from cylinders ofoxygen, nitrogen, and carbon dioxide, and were measured with flow meters.

With the exception of carbon dioxide, gases were bubbled through water to
give a relative humidity of 85 to 95.. Carbon dioxide was used in small
amounts and applied directly to the gas delivery tube. Spiracular opening
and closing was noted as follows: Freq. refers to the number of openings
per minute of observation, toD indicates the number of seconds per minute
that spiracles were observed partially open, toF is the number of seconds
per minute that spiracles were fully open, and toT is the total seconds
per minute that spiracles were open regardless of amplitude. An account
of the nature of thoracic spiracular opening is given in a previous
report.12

This report should not be used as a literature citation in material to be
published in the open literature. Readers interested in referencing the
information contained herein should contact the senior author to ascertain
when and where it may appear in citable form.
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III. RESULTS

A preliminary experiment was designed to test the hypothesis that
spiracular response to carbon dioxide was proportional to the oxygen
tension. Spiracular behavior was compared among a group of A. triseriatus
randomly exposed to atmospheres of the same proportions of the two gases
but different absolute amounts of each. Control observations were made in
atmospheres of 20% oxygen (air) or 100% oxygen (Table 1). As might be
expected, spiracular opening was significantly more conservative in mosqui-
toes exposed to the higher oxygen tension (P <0.05). This, however, was
not reflected in amplitude of opening, but only in duration. In contrast,
no differences in spiracular behavior were apparent in these same atmospheres
when carbon dioxide was injected in similar ratios. Thus, both amplitude
and duration of spiracular response to carbon dioxide was directly propor-
tional to the oxygen tension.

TABLE 1. SPIRACULAR BEHAVIOR OF A. TRISERIATUS EXPOSED

TO ATMOSPHEM8 OF 20% AND 100% CYGEN WITH AND WITHOUT
A CARBON DI(OIDE TO OXYGEN RATIO OF 2.5%

Treatment Freq. S.E. toF S.E. toT S.E.

i-- 20 100% 0 2.75 ±0.39 - - +3.92N -20 20O2 2.90 ±0.54 - - 34.8a" ±4.7

CO2 + 100% 02 1.87 ±0.24 42.5 ±3.4 48.2 ±2.3
CO+ 2OO0 2.20 -0.36 40.9 ±4.1 49.2 ±2.3

a. N - number of observations.
b. P <O.05.

Having demonstrated a sensory effect of oxygen and carbon dioxide on
spiracular opening and a relationship of carbon dioxide - induced opening
to oxygen tension, an attempt was made to define spiracular behavior as
functions of (i) oxygen tension alone and (ii) a graded series of ratios
of the two gases. Extensive observations were made on &_. tri#riatu
mosquitoes exposed to a constant 25 cc/min carbon dioxide in atmospheres
of 10, 15, 20, 30, 40, and 507% oxygen diluted with nitrogen or in 100%
pure oxygen. Oxygen, rather than carbon dioxide, was varied because
large volumes of gas could be more accurately delivered than very small
amounts. Individual insects were observed first in gas flow without
carbon dioxide for a 1-min observation period, and subsequently in
Oxygen and nitrogen plus carbon dioxide for the following 2 min. An
accommodation period of 2 to 3 Lnutes in the chosen oxygen tension was

|
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provided. The data therefore reflected spiracular behavi, c in seven oxygen
tensions and seven ratios of carbon dioxide to oxygen. A total of three
samples of ten mosquitoes each were randomly examined in each oxygen
tension.

Spiracular responses to oxygen tensions of 10 to 100% in the absence
of ambient carbon dioxide are illustrated in Figure 1. To examine frequency
of spiracular opening first, it is clear that a logarithmic rate of decrease
occurred with increasing oxygen concentration; this abruptly leveled off
beyond 20% oxygen with no further significant change. Remarkably similar
frequency responses to oxygen tensions above the 20% value occur in Aedes
which is in contrast to Wigglesworth'sll finding in Xenopsvlla, which showed
that frequency of opening and closing continued to decreirp in oxygen
values greater than 20%. Expressed as total time of opening (toT), the
average time that spiracles were open per minute of observation was
inversely proportional to the oxygen tension. The average slope of the
response was such that for each 10% increase in oxygen, a corresponding
decrease of 2.6 seconds per minute was obtained in spiracular opening.
The slope was greatest in the range of 20 to 30% oxygen, where a decrease
of 9.2 seconds in spiracular opening was observed. Further 10% increases
in oxygen concentration beyond the 50% level resulted in a slope of only
0.51 second. Amplitude of spiracular opening (toF) as a function of oxygen
alone was of little importance because only twitch-like openings were
observed in all but the lowest two oxygen concentrations. Thus the
relationship of spiracular behavior to higher than normal ambient oxygen
tensions is such that frequency was not immediately affected but duratton
of each opening decreased; in lower than normal ambient oxygen tensions

both frequency and duration of opening were elevated.

Parameters representing spiracular behavior as functions of ratios of
carbon dioxide and oxygen are shown in Table 2 and Figure 2. Comparison of
the control values with those obtained in identical oxygen tensions plus
carbon dioxide indicate that an average 117 increase in the man time of
spiracular opening (toT) occurred. However, the increase in toT was not
constant for each oxygen tension employed. In the range of 10 to 20%
oxygen, addition of carbon dioxide effected a mean 14% increase in epiracular
opening; between 30 and 100% oxygen, an average 9% increase was observed.
The average slope of spiracular response (toT) ws. a 2.6 .econds decrease
per minute for each 10% increase in oxygen. This value is quite similar
to that obtained in the control observations. Thus, the average duration
of spiracular openings per minute (toT) were more closely ret.ited to oxygen
tension than to the ratio af carbon dioxide to oxygen. On the other hand,
values representing frequency of spiracular opening and amplitude of open-
ing (toF) in oxygen plus carbon dioxide were not at all like those obtained
in oxygen alone. As a function of increasing oxygen concentration (but
decreasing per cent of carbon dioxide in relation to oxygen), frequency of
spiracular opening increased up to the 40% oxygen level, o. 1.25% carbon
dioxide of oxygen concentration. Further increases in oxygen resulted in
a decrease in frequency of opening. This decrease was insignificant
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(P <0. 10) and it may be stated that frequency of spiracular opening (and
hence closing) is directly related to the relative concentration of carbon
dioxide to oxygen.

TABLE 2. SPIRACUtAR RESPONSES IN A. I RISEIIAUS
(SAY) TO VARYI LEVELS OF (OYGEN A1V NITROGEN

WITH A CONSTANT LEVEL OF CARBON DICKIDE
AT 0.0057. OF THE TOTAL ATMOSPHERE

% 02 C02/02  Freq. S.E. tdt S.E.

10% 5.00 1.50 .48 55.6 1.76
15% 3.33 1.70 .33 54.4 1.58
20% 2.50 2.11 .36 52.7 1.62
30% 1.66 3.23 .31 39.3 2.30
40% 1.25 3.68 .34 38.9 1.34
50% 1.00 3.35 .22 31.0 2.46
100% 0.50 3.05 .29 32.1 2.89

Amplitude of spiracular opening was the one feature of spiracular
behavior clearly showing a dose-dependent response to the ratio of
carbon dioxide to oxygen (Fig. 2). The rate of increase in toF was greatest
between 2.5 and 1.25% carbon dioxide of the oxygen concentraticn, and here
the slope amounted to an 11.4% increase in duration of to? per 0.25%
increase in ratio of carbon dioxide to oxygen. leyond these values, rates
of change in top were attenuated. It is therefore apparent, in light of
Hassan's e finding that spiracular opening is the result of relaxation of
the spiracular closer uscle, that carbon dioxide (i) effects a greater
degree of muscle relaxation and (ii) extends the period of relaxation
beyond that determined by the normal frequency of motor impulses to the
muscle. Support for the latter contention my be found in Table 2, which
indicates that an inverse relationship exists between freq,.,mcy of
spiracular opening and proportional time of spiracular opering; the
relationship to particularly clear if full spiracular opening (tof) is
compared with frequency. It would be interesting to know if, in fact,
the spiracular responses to ambient ratios of carbon dioxide to oxygn
applied here reflect responses occurring to similar intratracheal Sas
tensions. This point will be taken up later.

. .. -. . <'... . . . ,
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In this study only the initial sensory effects of the ratio of carbon
dioxide to oxygen on spiracular behavior were snasured, because it was
necessary to gather an adequate number of samples rather than wake
extensive observations on a limited number of insects. It was therefore
desirable to investigate spiracular response to carbon dioxide as a
function of duration of exposure. A limited series of obsecvations were
made on six A. triseriatus and six A. aegyti mosquitoes observed first
in air for 1 minute and subsequently in air plus 1% carbon dioxide for
20 minutes. Observations wore recorded for 2-minute periods with 2-minute
intervals between. Five such periods of observation wore made over a 20-
minate period for each mosquito. The results (Fig. 3) clearly indicate

that spiracular response to carbon dioxide became attenuated *Lth increas-
ing duration of exposure; thus, spiraculer behavior in the presence of
ambient carbon dioxide progressively approaches that observed in normal
atmospheres. Similar responses were obtained by Cases n i J-jig and
)iisa expoeed to several carbon dioxida tensions.

In a second series of observations, five each of A, ae.vti and
A. triseriatus were exposed to 8% oxygen in nitrogen after first being
observed in air. Responses to lower than "normal" oxygen tension, like

that to carbon dioxide, lessened with increasing duration of exposure
(Fig. 4). It therefore seems that accoemodation results upon extended
exposure to other than normal carbon dioxide and oxygen tensions.

i

I.-?
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to 87% Oxygen as a Function of Duration of Exposure. Each pointI represents five observations.



IV. DISCUSSION

The extraordinary sensitivity of &Ides spiracles to rather low tensions
of carbon dioxide is in contrast to the amounts required to elicit spiracular
opening in other insects. In houseflies about 6%. carbon dioxide was necessary
for full spiracular opening; in Schistocerca 5% failed to elicit a complete
spiracular response under most conditions.5 In diapausing saturniid pupae,
concentrations greater than 5% carbon dioxide were required.7 Beyond the
ambient and intratracheal oxygen tension, the critical concentration of
carbon dioxide necessary to elicit opening of the spiracle has been shown
to vary with diet," age and water balance,14 ionic balance of the
insect,s e15 and anything affecting the general metabolism. Our observa-
tions may indicate only that the respiratory rate of Aedes is simply higher
than that of the other forms cited above. There are other possibilities,
however far-fetched they may presently seem. Carbon dioxide in very low

concentrations has a function in the host-seeking behavior of mosquitoes.15

Perhaps a reflex action is excited by carbon dioxide, resulting in preflight
behavior and a sudden elevation in metabolism. It is interesting that
dragonflies possess a central inhibitory reflex responsible for complete

spiracular opening during flight.9

A sgtt thoracic spiracles behaved as those of Xenoisylla in oxygen
pressures less than atmospheric; that is, they showed an increased fre-
quency of opening and closing. However, the duration of each opening was
comparatively unaffected in Aedes, but in the flea duration was shortened
with decreasing oxygen tension. In greater than atmospheric oxygen
pressures, the frequency of spiracular opening in Aedes was unaffected
but the duration of opening was attenuated; in the flea, frequency of
opening was reduced but duration of each opening increased.11 Abnormal
oxygen tensions had no predictable effect on frequency of spiracular open-
ing in diapausing saturniid pupae.' It is remarkable that so little effect
of oxygen tensions above 40% was observed in Aedes mosquitoes. Clearly,
lack of oxygen had an obvious and imnediate effect upon spiracular behavior,
but the converse was not so apparent.

By providing a constant amount of carbon dioxide and varying the propor-
tions of oxygen and nitrogen, responses were obtained that differed
strikingly from those in the same oxygen - nitrogen mixtures alone.
Furthermore, spiracular behavior was clearly related to the ratio of
carbon dioxide to oxygen in that the more carbon dioxide relative to
oxygen pressure, the greater the reduction in number of spiracular open-
tugs, the greater the duration of opening and, most obvious of all, the
greater duration of time that spiracles were fully open. It may be signifi-
cant that &IAM showed predominately increased duration of complete opening
with increasing effective carbon dioxide tension (Fig. 1) but sa. showed
increased amplitude of opening, i.e., "graded opening."8  Although graded
(partial) openings of the spiracles do occur in Aedes our observations
indicated that usually the opening was either narrow, short, and twitch-like,
or the complete or nearly complete opening was that previously described.1 s

Spiracular opening in &tts is not an all-or-none phenomenon.

-. ----..-----.-
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It may be useful to interpret the observations presented here in the
light of recent knowledge of the mechanism of spiracular responses to
carbon dioxide and oxygen. Relaxation of the spiracle closer muscle with
consequent opening of the spiracle was first thought to be the result of
an accumultion of acid metabolites formed by metabolically produced carbon
dioxide. 1 1 Case 3 advanced the view that acids simply forced carbon dioxide
from solution in the tissues and hemolymph; consequently, it was the gag In
the extracellular environment rather than the acid that caused a spiracular
response.

Further efforts disclosed that the isolated spiracular apparatus of
Hyalophora pupae spontaneously contracted in the absence of any innervation;
further, carbon dioxide effected relaxation in this myogenic muscle and
oxygen reduced its sensitivity to carbon dioxide. e In the American

cockroach1' and the desert locust Schistocerca4 #5 the occlusor muscle
contracts in response to a steady stream of motor impulses from the
central nervous system. Abrupt cessation of motor impulses leads to
muscle relaxation and spiracular opening. Carbon dioxide apparently does
not affect the frequency of impulses to the muscle, however, for Boyles
demonstrated that, despite continuous motor nervous excitation, carbon
dioxide caused relaxation -f the closer muscle. Hoyle's investigations
suggested that carbon dioxide acted directly on the neuromuscular junction,
affecting a reduction in twitch tension and junctional potential. Thus
carbon dioxide reduced the response of the spiracular muscle to central
control; this explains the peripheral action of the gas noted in earlier
studies. Support for the work cited above was given by Killer.' In four
species of adult dragonflies, carbon dioxide had a peripherul and direct
effect upon the closer muscle; hypoxia acted via the central nervous
system, reducing the frequency of motor impulses to the spiracle and
thus heightening its sensitivity to carbon dioxide. In the rather special
case of the spiracular apparatus of saturnild pupae, Van der K1loot 1 0 pro-
vided evidence that carbon dioxide hyperpolarised the closer muscle and this
slowed or eliminated spontaneous activity. Again, carbon dioxide acted
directly upon the muscle and not through the central nervous system.

If the frequency of spiracular opening in AgAU it a reflection of
the rather complicated electrical events taking place at the spiracle
occlusor muscle, then Miller's contention that hypoxia reduces motor
impulse frequency would adequately explain the effects of oxygen at less
than atmospheric pressures. Here it may be postulated that the closer
muscle is more prone to depolarization, thus bringing about an increase
in frequency of opening. Less easy to rationaltse, however, are the
effects of hyperoxic conditions on frequency of spiracular opening,
for here the latter was unaffected. Under hyperoxic conditions it way
be expected that metabolically produced carbon dioxide would be physiologi-
cally less effective in inducing spiracular opening; this was borne out
when a constant pressure of carbon dioxide was maintained in the face of
increasing oxygen tensions.
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Hoyle's5 proposal that carbon dioxide acts directly upon neuromuscular
events in causing spiracular opening is consistent with the data presented
here. Even in the lowest effective concentrations (i.e., in relation to
the oxygen pressure) this gas exerted inuediate reductions in the frequency
of opening and closing.

In OMLqa_ and Callitrona. the reaction time of single spiracles to
cerbon dioxide gas was directly proportional to its concentration.' The
oriental rat flea, judging by Wigglesworth's figures, gave similar
reactions. In our series of observations no systematic records were kept
of this, but it can be stated that even in the lowest effective carbon
dioxide tensions, response times were essentially immediate, although
exceptions did occur. In particular, if a spiracle was in the toD position,
application of carbon dioxide effected inmediate opening; if the spiracle
were closed, the effect of carbon dioxide was often not apparent until the
next rhythmical opening was due.

The responses of Aeqe8 spiracles to ambient carbon dioxide and to
hypoxia were reduced with increasing duration of exposure. Similar
results were obtained in the housefly2 with regard to carbon dioxide.
If the effect of hypoxia in &2#a is to increase sensitivity to metabcli-
cally produced carbon dioxide, then our observatios may indicate that
accommodation to low oxygen is in reality accowoodation to carbon dioxide.
It has been suggested that the attenuated response seen in &Mca is adapta-
tion rather than fatigue.8 Desiccation was invoked to explain similar
phenomna in tsetse flies, 1 4 but whatever the mchanism involved, accomo-
dation to sudden increases in carbon dioxide pressure would surely act
as a brake an spiracular transpiration of water.



17

1. Hazelhoff, E.H. 1926. Regeling der adeuhaling hij insecten en
spinnen. Proefschrift, Rijks - Universiteit to Utrecht.

2. Case, J.F. 1956. Carbon dioxide and oxygen effects on the spiracles
of flies. Physiol. Zool. 29:163-171.

3. Case, J.F. 1957. Differentiation of the effects of pH and CO on
spiracular function of insects. J. Cell. Comp. Physiol. 49:101-114.

4. Hoyle, G. 1959. The neuromuscular mechanism of an insect spiracular

muscle. J. Insect Physiol. 3:378-394.

5. Hoyle, G. 1960. The action of carbon dioxide gas on an insect
spiracular muscle. J. Insect Physiol. 4:63-79.

6. Hoyle, G. 1961. Functional contracture in a spiracular muscle.J. Insect 7hysiol. 7:305-314.

7. Schneiderman, B.A. 1960. Discontinuous respiration in insects:
Role of the spircles. Biol. Bull. 119:494-528.

8. Miller, P.L. 1960. Respiration in the desert locust: II. The
control of the spiracles. J. Exp. Biol. 37:237-263.

9. Miller, P.L. 1962. Spiracle control in adult dragonflies (Odonata).
J. Exp. Biol. 39:513-535.

10. Van der Kloot, W.G. 1963. The electrophysiololy and the nervous
control of the spiracular umocle of pupae of the giant silknoths.
Coup. Blioche.. Physiol. 9:317-333.

11. Wiggleavorth, V.3. 1935. The regulation of respiration in the flea,
XonuwylJJ skanis Roths. (Pulicidas). ?roc. lo7. Soc. London Bar. I
118:397-419.

12. Irafeur, 1.8.; Willm., J.R.; Graham, C.L.; William, R.I. 1969.
Observations on spiracular behavior in igjgn moquitoes,tecnical
Manuscript 517). Plant Physiology Divisio,, Fort Derick, Fredrick,

Maryland.

13. Nissan, A.A.G. 194. The structure and smehais of the spiraculr
regultory apparatus in adult Diptera sad certain other groups of
insects. Trans. R"7. gutool. Soc. London 94 :103-153. ,

14. Bursell, 1. 1957. 8piraculr control of water lose In the tootse
f ly. ftoe. Roy. ntowol. Soc. London A 32:21-29.



18

15. Clements, A.N. 1963. The physiology of mosquitoes. Pergamon Press,
Inc., NwYr.393 p

16. Beckel. W.E.; Schneiderman, H.A. 1957. Insect spiracle as an
independent ef fector. Science 126:352.

17. Case. J.F. 1957. The median nerves and cockroach spiracular function.
J. Insect Physiol. 1:85-94.



Unclassified 2
security Classificatio

DOCUMEN4T CONTROL DATA. R & D
(Seemwity esaiftalim of ftft.e so* .1 .bst,.ce .nd jieoganoeWtatio must be eaieEes *.o A@. o ne Raw i ea"if

I. O4101NATING ACYIVIV (CMP0100800r) 311. REPORT SECURITY CLAIMICAflON

Department of the Army Unclassified
Fort Detrick, Frederick, Maryland, 21701 ' '

S. RE&PORT TITLE

SPIRACUIAR RESPONSES OF AEDES MOSQUITOES TO CARBON DIOXIDE AND OXYGEN

4. VESCRIP TIvE NOTES (17p of MNP aid twnlunive iwee)

I. Au THN4RIB flire# "am.I= wded. ESDa# Oman)

Elliot S. Krafsur
Charles L. Graham

AP0DAS7.TTLW O 06 TOMarch 1969 21 17 ar
54. CONTRACT on GRANT NO. Si. OftielNATOWI RE9PORT muEUEP1442

6, PROjscTme. 1B562602A059 Technical Manuscript 518

4. 90. OTNERt REPORT NO461 (Ans 6 .*i.som jWOe ao*Aud

10. 019TWOUT 'ON TATEMNfTV
Qua lified requesters may obtain copies of this publication from DDC.

Foreign announcement and dissemination of this publication by DDC is not authorized.

Release or announcement to the public is not authorized.

Mt SUPOLCM904TARY NOTES IS- SPOINSORING MILTART ACTIVITY

Department of the Army
Fort Detrick, Frederick, Maryland, 21701

Is. ATTRACT

Observations were made on the responses of the thoracic spiracles of 6gjjj 33l5jL

and fAee triseriatus to a constant carbon dioxide pressure in aerial concentrations

of oxygen in nitrogen and to the oxygen in nitrogen series alone. Lower than

atmospheric pressures of oxygen caused an increase in the frequency and duration of

spiracular opening. Higher than atmospheric pressures of oxygen had no effect on

frequency of spiracular opening, but reduced the duration of opening. Carbon dioxide

effected full spiracular opening in proportion to the oxygen concentration. The

duration of spiracular opening, regardless of amplitude, was also proportional to

the ratio of carbon dioxide to oxygen. Responses of &14gj1 apiracles to hypoxia and

carbon dioxide decreased with increasing durAtion of exposure.

14. Key Words

*Carbon dioxide
*Culicidao
*Oxygen
*Spirac lee

Responses
Hypovia

* me' .14 5596JSi E Unclassified


